Background: This study aimed to investigate the genetic causes of hypohidrotic ectodermal dysplasia (HED) in two families and elucidate the molecular pathogenesis of HED in Chinese Han patients.
INTRODUCTION
Ectodermal dysplasias (EDs) are genetically heterogeneous diseases caused by developmental failure in two or more ectodermal structures such as teeth, sweat glands, hair, nails, and skin. The most frequent subtype is hypohidrotic ectodermal dysplasia (HED) with a prevalence of~1/100,000 (Wisniewski et al., 2002) . HED includes autosomal dominant (AD), autosomal recessive (AR), and X-linked forms. Among these, X-linked HED (XL-HED, MIM #305100) is the most common form and is caused by mutations in the EDA g(Ectodysplasin A, MIM 300451) gene (Kere et al., 1996) .
HED (also known as Christ-Siemens-Touraine syndrome) is characterized by hypohidrosis (reduced ability to sweat), hypotrichosis (sparseness of scalp and body hair), and hypodontia (congenital absence of teeth) (https://www.ncbi. nlm.nih.gov/books/NBK1112/). In addition to the above clinical characteristics, HED can also be complicated with atopic diathesis (hypohidrosis or anhidrosis itself might impair the skin barrier) (Koguchi-Yoshioka et al., 2015) , eczema, upper airway infections (Monroy-Jaramillo et al., 2017) , impaired breast development (more common in females) (WahlbuhlBecker et al., 2017) , and other conditions. Homozygous male patients usually have typical clinical manifestations of hypodontia, hypohidrosis, and sparse hair and characteristic facial features including frontal bossing, chin prominence, saddle nose, wrinkles, low-set ears, maxillary hypoplasia, and periorbital hyperpigmentation (Namiki et al., 2016; Liu et al., 2018a) . Heterozygous female carriers usually have a mild clinical phenotype with sparse hair or teeth and abnormal tooth morphology (peg-shaped teeth), but severe clinical characteristics have also been observed in females (associated with extremely skewed X-chromosome inactivation) (Lei et al., 2018) .
In this study, we report two EDA gene mutations-a pathogenic missense mutation and a deletion mutation-in two Chinese Han HED families. Gene functional annotation was used to predict the pathogenicities of the detected mutations.
MATERIALS AND METHODS

Clinical Sample
The study was approved by the Ethical Review Committee of Anhui Medical University and was performed in adherence with the principles of the Declaration of Helsinki. All participants or their guardians signed written informed consent forms. Based on the genetic pattern and the proband's clinical manifestations, the preliminary diagnosis of HED was made by the chief dermatologist.
Family 1
The proband of family 1 was a 28-year-old male ( Figures 1A and  2A ) who was born with hypotrichosis, hypodontia, hypohidrosis, dry skin, normal intelligence, and dry nasal mucosa. His brother was normal, and his mother had no abnormal pregnancy history. The wife of the proband had a history of miscarriage. The male patients with the mutation in this family all have very typical HED facial features, with clinical characteristics of hypotrichosis, hypodontia, hypohidrosis, and partial peg-shaped teeth (III;:3; III;:9). One person has eczema (III:8, Figure 2B ), and only IV:1 FIGURE 1 | (A, B) The pedigree gram of two Chinese HED cases. The proband was marked with the arrow. Males were indicated by squares; Females were indicated by circles. Blackened symbols represented male patients who were carried the mutations through mutation sequencing. The circles with black dots represent the female carriers. ( Figure 2C ) shows mental retardation. The main clinical characteristics of female mutation carriers in this family are sparse teeth and abnormal morphology; only III:7 ( Figure 2D ) has a saddle nose and peg-shaped teeth. The clinical features of families 1 and 2 are summarized in Table 1 .
Family 2
A 4-year-old Chinese boy presented with HED ( Figure 1B ) (proband, Figure 2E ). Clinical characteristics included dry skin, decreased sweating, sparse hair, missing teeth, frontal bossing, prominent lips, periorbital wrinkling, and presenile manifestations. He was intolerant to heat. Patchy pigmentation and depigmentation were observed on his trunk and limbs. His parents were normal.
Mutation Detection and Bioinformatics Analysis
Peripheral Blood Collection and DNA Extraction
Peripheral blood (3-5 mL) was collected from members of both families. Genomic DNA was extracted from the peripheral blood lymphocytes by standard procedures using Qiagen genomic DNA extraction kits (No: 51206; Qiagen, Hilden, Germany) and stored at −80°C until testing.
Whole-Exome Sequencing (WES)
Qualified genomic DNA samples (four affected and five unaffected individuals from two families: Family 1-III:1.3.9 (patients); II:11, III:2.12 (normal relatives) and Family 2-III:3 (patient); II:3.4 (normal relative) were analyzed by WES. After qualified quality control, we used the BGISEQ-500 for sequencing of each qualified library. In the comparison on the target area, an approximately 60.33-Mb-long target area was captured, and clean reads of each sample were aligned to the human reference genome sequence (GRCh38/HG38) using Burrows-Wheeler Aligner (BWA V0.7.15). The average sequencing depth of the target region was approximately 156.77X. Single nucleotide polymorphisms (SNPs) and insertions and deletions (indels) were identified by the Genome Analysis Toolkit (GATK v3.7). For mutation detection, information on previously reported pathogenic genes was first analyzed. If no pathogenic mutations were found in the previously reported genes, the possible pathogenic mutations were searched in the previously reported linkage region. If no pathogenic mutations were found in any of the above cases, the search area was enlarged to the entire exome, and the diseaserelated harmful mutations or genes were screened out through analysis strategies based on sample situation, the harmfulness of variation, and gene function and phenotype. The following criteria can be referred to: 1) This mutation is not in the genome repeat region (genomicSuperDups and repeat have no annotation information); 2) The frequency in the 1000 Genome Project is <0.01; 3) This mutation is located in the exonic or splicing region and missense, splicing, indel, and other variation types that may affect the protein are selected; 4) selection of variation type according to heredity pattern: heterozygous variation type for AD inheritance, homozygous variation or compound heterozygous mutation type for AR inheritance, and co-separation of genotypes and phenotypes consistent with case-control genotypes in the family (common in both cases and none in control); 5) the mutation was predicted as pathogenic by SIFT, Polyphen, MutationTaster, and CADD. After the above analysis, a small number of pathogenic mutations were identified, which required sequencing in the family, between families, distributed samples, and normal populations.
Sanger Sequencing
We used Sanger sequencing to validate the mutations. The primers of all coding exon and intron-exon boundaries of the EDA gene were designed by Mapbioo Biotech Co. Ltd. (Shanghai, China). After amplification, the polymerase chain Sanger Sequencing of the EDA Gene
We sequenced 15 affected and nine unaffected members from two families and identified two missense mutations (these were identical mutations located in different transcripts) in family 1 ( Table 2) : c.1127 C > T (p.T376M; NM_001005609; EDA transcript variant 2) and c.1133 C > T (p.T378M; NM_001399.5; EDA transcript variant 1). c.1127 C > T is a pathogenic nonsynonymous mutation located in the tumor necrosis factor (TNF) homology subdomain of exon 8 of the EDA gene. c.1133 C > T is a previously reported pathogenic mutation located in different transcripts that is identical to c.1127
) is a nonframeshift deletion mutation located in the collagen subdomain of exon 4 of the EDA gene, which was found in family 2 ( Figures 3F-H ).
ANNOVAR Software Annotation
ANNOVAR annotation indicated that the Polyphen2_HVAR value of c.1127 c > T was 1.0, D. It shows that this mutation is highly damaging to protein structure and function, which is a "probably damaging" mutation. The SIFT value of c.1127 c > T was 0, indicating that this mutation can lead to changes in protein structure or function, which may be a "pathogenic" mutation. c.648_683delACCTGGTCCTCCAGGTCCTCC TGGTCCTCAAGGACC did not obtain the value by annotation.
Literature Review and Statistical Analysis
We reviewed published papers from PubMed and summarized the novel mutations related to HED. There were 68 novel identified mutations (Table 3) , among which 57 (83.8%) were EDA mutations, excluding unknown genetic forms, mainly with X-linked recessive linkage family inheritance. Eight (11.8%) were EDAR mutations, 2 (2.9%) were EDARADD mutations, and 1 (1.5%) was a WNT10A mutation. Of the 68 mutation, 31 (45.6%) were missense, 23 (33.8%) were deletions, 1 (1.5%) was an indel, and 13 (19.1%) were other types. Genotype-phenotype analysis showed that compared with EDA deletion mutations, patients with EDA missense mutations had a higher frequency of hypohidrosis (P = 0.021, Table 4 ). There were no other differences in clinical manifestations between the EDA mutations and the EDAR mutations (Table 5) .
DISCUSSION
The EDA gene contains 12 exons, with at least nine different transcripts produced by alternative splicing (Liu et al., 2018a) . It is a trimeric type II transmembrane protein located at Xq12-q13.1 that contains an intracellular domain, a transmembrane domain, a furin subdomain, a 19-repeat Gly-X-Y collagenous domain, a TNF homology subdomain, and a cysteine-rich Cterminal domain (Schneider et al., 2001 ). Approximately half of HED patients have EDA gene mutations (Cluzeau et al., 2011) that may impact protein function, which subsequently affects the ectodysplasin/nuclear factor-kB signaling pathway. In addition to EDA, the literature also associated HED with mutations in the EDAR, EDARADD, TRAF6, WNT10A, and NEMO genes (Cluzeau et al., 2011) . Most of the mutations in these genes caused HED by affecting the ectodysplasin/NF-kB or Wnt/bcatenin pathways related to the normal development of ectodermal structures (Clauss et al., 2008; Cluzeau et al., 2011) . A review of the NCBI ClinVar database and published articles stated that at least 82 pathogenic mutations in EDA genes were associated with HED. Among these, 41 (50%) were missense), 13 (15.9%) were deletions, 12 (14.6%) were nonsense, and 9 (11%) were frameshift. Only one (1%) intronic mutation was reported. In addition, 31 (37.8%) mutations in the TNF homology subdomain domain 18 (22%) mutations in the collagen subdomain domain, 6 (7.3%) in the transmembrane domain, and 6 (7.3%) in the furin subdomain. This suggests that EDA mutations play a critical role in HED.
Here we described two Chinese Han HED families with two EDA mutations. In family 1, whole-exome and Sanger sequencing revealed a mutation (c.1127 C > T), in the TNF homology subdomain that converts a cytosine to thymine, and the corresponding amino acid is changed from threonine to methionine (p.T376M). We also found a reported pathogenic mutation (c.1133 C > T) (Wang et al., 2014; Ngoc et al., 2018) in family 1 by Sanger sequencing, but it was the same mutation as c.1127 C > T in different transcripts. Since the TNF homology subdomain plays a key role in the ligand homotrimerization and receptor binding, the EDA gene may be unable to bind to its ligand (EDAR) in members of this family. The c.1127 C > T (or c.1133 C > T) hemizygous male patients in this family are more severely affected, while heterozygous females show only mild to moderate degrees of typical HED features. The proband of this family had a healthy father, mother, and brother. Pedigree analysis showed that six males in four successive generations were affected, and eight females in four successive generations showed normal or moderate features, indicating an X-linked recessive pattern in this family. In addition, ANNOVAR annotation indicated that c.1127 C > T is a "probably damaging" mutation. Therefore, a successful genetic diagnosis was made in family 1. (Ma et al., 2018) In family 2, one etiological mutation was found in the EDA gene coding region. An in-frame deletion was located in the short collagenous domain c.648_683delACCTGGTCCTCCA GGTCCTCCTGGTCCTCAAGGACC (p.216_228delPPGPPGP PGPQGP). This 36-bp c.648_683delACCTGGTCCTCC AGGTCCTCCTGGTCCTCAAGGACC deletion mutation removes 13 amino acids (p.216_228delPPGPPGPPGPQGP). Gene sequencing revealed that the mutation was only in the proband. Clinical examination revealed that he had dry skin, decreased sweating, sparse hair, missing teeth, frontal bossing, prominent lips, and periorbital wrinkling; patchy pigmentation and depigmentation could be seen in his trunk and limbs. His parents were normal, and c.648_683delACCTGGTCCTCCAG GTCCTCCTGGTCCTCAAGGACC did not have a high value based on ANNOVAR annotation. However, we hypothesize that this deletion can shorten the collagen domain in the encoded protein, which may disrupt the domain's functions. Pedigree analysis indicated that the proband may have an X-linked recessive pattern, but further follow-up is needed.
In the published work review, 68 novel identified mutations were summarized (Table 3) . Over 80% of mutations were found in EDA (mainly missense), and more than 40% of 68 mutations were missense. Although patients with HED always have similar clinical features, deviations in the degree of severity are observed (Schneider et al., 2011; Zhang et al., 2011; Burger et al., 2014; Wohlfart et al., 2016a) . Zeng et al. (2015) and Gaczkowska et al. (2016) found that HED patients with truncating EDA mutations tend to lose more permanent teeth than patients with nontruncating mutations, while missense mutation patients likely lose fewer permanent teeth than patients with other types of mutations. Our study revealed that patients with EDA missense mutations had a higher frequency of hypohidrosis (P = 0.021). However, the results in our study may be attributable to the small sample size. Further studies with larger numbers of patients are required to clarify whether there is a clear association between specific mutations and different manifestations.
In summary, we identified two EDA gene mutations in two Chinese Han families with X-linked HED and provided genetic counseling. We hope that our findings will be helpful for genetic counseling, carrier detection, prenatal diagnosis, and clinical practice. However, further studies on genotype-phenotype correlations in HED patients are still needed.
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